Since the initial reports on the use of a wheat germ extract for the translation of mRNA's, several plant viral RNAs have been used successfully in this system and have directed the synthesis of viral proteins found in the virion (6, 7, 12, 15, 20, 23, 26-28, 30, 31) .
Tumip Yellow Mosaic Virus (TYMV) RNA (2 x 106 daltons) is large enough to code for several proteins of average molecular weights, and one of these proteins would be expected to be the viral coat protein (20,000 daltons). However, this RNA introduced into various in vitro protein-synthesizing systems derived from procaryotes or eucaryotes has never been reported to lead to the synthesis of viral coat protein (24, 32) . In this paper, we have used viral RNA in a wheat germ extract and present evidence for the in vitro synthesis of TYMV coat protein.
MATERIALS AND METHODS Isolation of TYMV RNA and coat protein.
TYMV-infected Chinese cabbage leaves were kindly provided by S. Astier-Manifacier and P. Cornuet, and the virus was purified according to Leberman (17) by using polyethylene glycol and sodium dextran sulfate. The RNA was extracted from the virus with water-saturated phenol as described by Gierer and Schramm (10) and was stored at -80°C. TYMV coat protein was isolated from the virion by precipitation of the RNA in the presence of acetic acid, as indicated by Fraenkel-Conrat (8) .
Chemicals. L-['4C
]leucine (389 mCi/mmol) and L-[35S]methionine (260 to 500 Ci/mmol) were from Amersham-Searle. TPCK-trypsin was from Worthington Biochemicals Corp., T, RNase was from Sankyo, and spermine tetrachloride was from Sigma Chemical Co.
Preparation of wheat germ extracts. Commercial wheat germ was a gift ofB. Roberts and T. Hall. The extract was prepared essentially as described by Davies Laemmli (16) . The gels were then stained with a Coomassie blue solution (2 g of Coomassie blue, 500 ml of methanol, 100 ml of acetic acid, 500 ml of water) for 20 min and destained using a methanol-acetic acid-water solution (30:7.5:62.5, vol/vol/vol). Finally, the gels were dried and autoradiographed on Kodirex X-ray films.
For the purpose of further characterization, the main radioactive band corresponding to protein synthesized in vitro and comigrating on SDS-polyacrylamide gels with authentic coat protein purified from the virion was isolated. To this end, the gel was dried without previous staining and autoradiographed. The radioactive band presumably corresponding to labeled coat protein was eluted at 370C for 24 h in 0.1% SDS. TYMV coat protein was then added as carrier, and SDS was eliminated by repeated precipitation with 20% cold trichloroacetic acid and solubilization with 0.2 N NaOH. The final trichloroacetic acid pellet was washed with ethanolether, followed by ether.
Tryptic peptide analysis. Performic acid oxidation and tryptic digestion were carried out essentially as described by Crawford and Gesteland (4).
['4C]leucine-(not shown) or [35S]methionine-labeled
proteins comigrating with authentic coat protein and isolated as described above were dried after removal of trichloroacetic acid. The pellets were dissolved in performic acid to a final concentration of 1 mg of protein per ml and incubated for 1 h at 0°C. The proteins were lyophilized and redissolved to 1 mg/ml in 50 mM ammonium bicarbonate, pH 8.6. They were incubated for 4 h at 37°C with 1/100 (by weight) of TPCK (tolylsulfonyl phenylalanyl chloromethyl ketone)-trypsin added at time zero and the same amount of enzyme added after 1 h. The products were then lyophilized and suspended in 100 ,ul of electrophoresis buffer.
The two-dimensional peptide analyses were carried out on Whatman 3MM according to Kerr and Martin (14) . The first dimension consisted of electrophoresis in a pyridine-acetic acid buffer (pyridine-acetic acid-water, 25:1:474, pH 6.5) at 4,000 V for 30 min. The second dimension consisted of chromatography in n-butanol-pyridine-acetic acid-water (90:60:18:72). After staining with a ninhydrincadmium acetate solution (2), the radioactive spots were located by autoradiography, using Kodirex Xray films.
Immunodiffusion experiment. Immunodiffusion tests were performed in 0.8% agarose plates containing 30 mM veronal, pH 8.3, and 0.02% sodium azide. The [35S]methionine-labeled material comigrating with authentic coat protein and isolated from the polyacrylamide gels, as described above, was redissolved in 150 mM NaCl and loaded into the central well. Two external wells were loaded, respectively, with anti-TYMV rabbit serum kindly provided by J. M. Bove and normal rabbit serum. After immunoprecipitation, the plates were washed for several days in 10 mM Tris-hydrochloride, pH 7.4, 150 mM NaCl. They were dried, stained for 20 min with an amido black solution (1 g of amido black, 0.42 M acetic acid, 0.42 M sodium acetate, 15% glycerol) and destained with methanol-acetic acid-water. The agarose pellicle was autoradiographed on a Kodirex X-ray film. RESULTS
Optimal conditions for protein synthesis. The optimum Mg2+ and K+ concentrations for protein synthesis determined with TYMV RNA as messenger are 3.3 and 140 mM, respectively (1).
The effect of TYMV RNA concentration on protein synthesis showed that the level of incorporation increased with increasing RNA concentrations up to 80 to 100 ,ug/ml, beyond which protein synthesis was inhibited (Fig. 1 ). This might reflect interaction of Mg2+ with the mRNA, which would result in a decrease of free Mg2+ in the incubation mixture.
Kinetic experiments indicated that in the presence of TYMV RNA incorporation of
[I4C]leucine into proteins was linear for about 60 min at 300C (Fig. 2) ; there was virtually no incorporation in the absence of added mRNA (see also Fig. 3 (Fig. 4) thesized in vitro is the TYMV coat protein.
Effect of spermine on in vitro translation. Spermine has been reported to have a stimulaitro synthesized polypeptides did not vary tory effect on translation in the wheat germ veen 2 and 75 min (data not shown). These cell-free system and has therefore been used for ilts speak against the synthesis of a large the translation of several mRNA's (19, 22, 30) . ursor protein that would undergo cleavage Since polyamines can replace Mg2+ and interact ield the mature coat protein, but we cannot with RNA molecules (9, 29), we checked the uis stage rule out such a possibility. optimal Mg2+ concentration for polymerization )S-polyacrylamide gel analysis. The anal-in the absence or in the presence of spermine. of the autoradiographs of polyacrylamide At 30 ,uM, spermine stimulates total protein show that synthesis of a protein comigrat-synthesis twofold and the optimal Mg2+ concenwith TYMV coat protein represents 15 to tration is lowered from 3.3 to 1.5 mM (Fig. 6) . of the total in vitro synthesized products To define whether or not the stimulation by 3) . Among the many weak bands, three spermine was specific, we compared the incornger ones, corresponding to polypeptides of poration of [35S]methionine into total protein hcular weights of 45,000, 25,000, and 13,000, and into coat protein in the presence or absence tantly appeared; their possible physiologi-of spermine at various Mg2+ concentrations. To ,ignificance will be discussed later.
this effect, the synthesized products were ana-'yptic peptide analysis. The sequence of lyzed by SDS-polyacrylamide gel electrophore-4V coat protein is known (21) . This mole-sis as indicated in Materials and Methods. In contains 189 amino acids, of which 10 are each case, the radioactive band corresponding nyl plus lysyl and four are methionyl resi-to TYMV coat protein was cut out and its radioSince the molecule carries an acetylme-activity was compared to the total radioactivity nyl residue at its NH2 terminus, and since found for that sample. The results are shown in of the other methionyl groups within the Fig. 6 . In the absence of spermine, the Mg2+ -cule are adjacent, tryptic digestion should concentration yielding maximum synthesis of I ten ninhydrin-stained and three 35S-la-coat protein also yields maximum incorporad peptides, of which two should correspond tion of methionine into total protein, whereas ations: at 1.3 mM Mg2+ 15% of the methionine gives rise to coat protein, whereas at 2.5 mM more than 30% of the methionine is incorporated into coat protein. This could mean that spermine has an overall stimulatory effect on total protein synthesis in optimized Mg2+ conditions but has a specific stimulatory effect on coat protein synthesis at 2.5 mM Mg2+. DISCUSSION Translation of TYMV RNA in a wheat germ cell-free system gives rise to coat protein synthesis, as demonstrated by gel electrophoresis, tryptic peptide analysis, and immunoprecipitation.
The specific effect of spermine on TYMV coat protein synthesis cannot be explained entirely on the basis of different Mg2+ requirements for the translation of various cistrons contained in the genome. In another system (T4 mRNA and an Escherichia coli cell-free system) it has been reported that the optimum Mg2+ concentration for a specific protein does not follow that for the synthesis of total protein (25) . Further, it is noteworthy that the optimum ionic concentrations for protein synthesis depend on the mRNA used (31), probably reflecting differences in the structures of these mRNA's.
Apart from coat protein, three other main polypeptides are synthesized with TYMV RNA (Fig. 4) . They appear not to be precursors or fragments of TYMV coat protein because their ratios remain constant throughout incubation and even after protein synthesis has reached the plateau (not presented here).
Experiments are in progress to define the nature and possible biological activity of these proteins. One of them could correspond to a component of the replicating system of the virus. The Q,8 replicase is composed of one phagecoded subunit and three host cell-coded subunits: EF-Tu, EF-Ts, and the ribosomal protein Si (3, 13) . If the TYMV replicase shows similar properties, interesting experiments could be designed to try to elucidate the amino acid receptor function of the 3' terminal part of TYMV and of other plant viral RNA genomes in connection with the observation that they form complexes with the elongation factors and GTP (11, 18 
